[1] We have constructed new apparent polar wander paths (APWPs) for major plates over the last 200 Myr. Updated kinematic models and selected paleomagnetic data allowed us to construct a master APWP. A persistent quadrupole moment on the order of 3% of the dipole over the last 200 Myr is suggested. Paleomagnetic and hot spot APW are compared, and a new determination of ''true polar wander'' (TPW) is derived. Under the hypothesis of fixed Atlantic and Indian hot spots, we confirm that TPW is episodic, with periods of (quasi) standstill alternating with periods of faster TPW (in the Cretaceous). The typical duration of these periods is on the order of a few tens of millions of years with wander rates during fast tracks on the order of 30 to 50 km/Myr. A total TPW of some 30°i s suggested for the last 200 Myr. We find no convincing evidence for episodes of superfast TPW such as proposed recently by a number of authors. Comparison over the last 130 Myr of TPW deduced from hot spot tracks and paleomagnetic data in the Indo-Atlantic hemisphere with an independent determination for the Pacific plate supports the idea that, to first order, TPW is a truly global feature of Earth dynamics. Comparison with numerical modeling estimates of TPW shows that all current models still fail to some extent to account for the observed values of TPW velocity and for the succession of standstills and tracks which is observed. 
Introduction
[2] Analysis of the fossil magnetization preserved in rocks is the basis for constraining such diverse geophysical problems as dynamo generation in the Earth's core, plate kinematics and paleogeographic reconstructions, and mantle dynamics leading to true polar wander (TPW). The second half of the twentieth century saw the advent and consolidation of plate tectonics: paleomagnetic measurements on lava and sediments coming mostly from continental areas or from hot spot volcanics demonstrated continental drift and could be blended into apparent polar wander paths (APWP); oceanographic exploration led to the discovery of seafloor spreading related magnetic anomalies and transform faults, allowing the construction of kinematic models for each individual ocean basin. APWPs and kinematic models were developed from the '60s to the '80s under the key assumption that, when averaged over a sufficient amount of time, in excess of a few thousand years, the Earth's magnetic field could be described accurately by an axial centered dipole. Of course, both types of largely ocean-and continent-based data could not be independent. Over a decade ago, we proposed [Besse, 1986; Besse and Courtillot, 1988, 1991, hereinafter referred to as BC91] to blend the two approaches and to use then available paleomagnetic data from North America (NAM), Africa (AFR), Eurasia (EUR) and India (IND) and kinematic models from the Indian, central Atlantic and North Atlantic oceans into a single ''synthetic'' APWP that could next be transferred to any desired plate. On the basis of a selection of 111 poles, the paths were defined in 20 Myr windows extending back to 200 Ma. This first-order analysis provided a reasonable check of the consistency of individual plate paleomagnetic data and kinematic models with the rigid plates and geocentric dipole hypotheses. It also filled gaps in the available APWPs from individual plates. However, the study suffered from a number of limitations in space and time resolution and was not truly global since a number of major plates (South America-SAM, Australia-AUS, Antarctica-ANT and the Pacific-PAC) were not included.
[3] Slight departures from a purely centered dipole field had been noted as early as 1970, when Wilson [1970] argued for a far-sided and right-handed distribution of virtual geomagnetic poles during the Cenozoic. A number of analyses confirmed that when averaged over the last few million years, an axial quadrupole component is detectable, with an amplitude on the order of 3 to 6% of the axial dipole [e.g., Coupland and Van der Voo, 1980; Merrill and McElhinny, 1983; Constable and Parker, 1988; Schneider and Kent, 1990b; Quidelleur et al., 1994; Carlut and Courtillot, 1998; Johnson and Constable, 1997] . Livermore et al. [1983 Livermore et al. [ , 1984 tried to extract such a quadrupolar term in a worldwide paleomagnetic database going back 200 Ma. Besse and Courtillot [1991] argued that, for the period prior to 5 Ma going to 200 Ma, a significant quadrupolar term could not be extracted unequivocally from the data available at that time.
[4] On the other hand, comparison of paleomagnetic and hot spot APW led Besse and Courtillot [1991] to infer that significant true polar wander, amounting to more than 20°, had occurred in an episodic, irregular way in the last 200 Myr. Recent advances in seismic tomography and dynamic modeling have raised fascinating new questions on the existence and role of slab avalanches, plume events and the viscosity structure of the deep mantle [e.g., Machetel and Weber, 1991; Ricard et al., 1993; Tackley et al., 1994; Steinberger and O'Connell, 1997; Bunge et al., 1998; Evans, 1998; Richards et al., 1999; Greff-Lefftz, 2001 ; M. Greff-Lefftz and P. Bunge, personal communication, 2000] (see, e.g., review by Tackley [2000] ). Reliable measures of TPW are required to constrain these models.
[5] Paper BC91 was based on a database compiled and updated in our institute [Besse, 1986] , prior to availability of the global paleomagnetic computerized database of McElhinny and Lock [1995] . In its June 1999 version, the GPMD includes all paleomagnetic data published up to the end of 1997. As will be seen below, and still retaining the selection criteria used in BC91, the total amount of reliable data has been increased by a factor of more than 2. Also, significant methodological progress, most notably regarding satellite altimetry data analysis, has led to much improved description of fracture zones and continent/ocean boundaries and hence better reconstructions of past plate motions. Improvement in normalization and correlation of timescales has resulted in data sets such as the Global Seafloor Anomaly Chart in which the marine geophysics community has integrated most available data into a single coherent synthesis.
[6] As a consequence of publication of these large sets of new data, we have felt it useful to update our BC91 paper a decade after its publication to try and evaluate whether improved plate reconstructions, APWPs, constraints on field geometry and mantle dynamics could be obtained. In order to decrease the risk of generating artifacts due to limited site distribution [see, e.g., Quidelleur et al., 1994] , we have updated the NAM, EUR, AFR and IND data sets and have added data from AUS, ANT, SAM and GRE (Greenland). We have also included some data from ODP/ DSDP drilling sites and two skewness poles coming from analyses of marine magnetic anomaly profiles from the Indian Ocean (potential problems when using this type of data are discussed below). This results in much improved geographical coverage both in latitude and longitude (Figure 1) . The case of the Pacific plate and data is left to the discussion section.
Extended Database

Paleomagnetic Data From Continents
[7] Faster paleomagnetic data search and treatment is now made easy due to the availability of the computerized Global Paleomagnetic Database (GPMD) of McElhinny and Lock [1995] . We have used the June 1999 version (GPMD V3.3). In the process of using and searching the database, we have uncovered a few errors and inconsistencies. The more frequent occurrences were older data later re-used in a larger study or an update without any notice of this redundancy in the database. In order to avoid confusion in the database, and to allow others to easily check our computations, we have preferred not to alter the database version we started with, but rather send a list of the problems to the managers of the database for future revisions, equally accessible to all. We have, however, checked that these errors and inconsistencies were sufficiently few and small that their integration in the master APWPs resulted in changes of mean pole positions always less than 1°, or in mean age less than 1 Myr. As a result, these changes would hardly alter the Figures.
[8] The key question is which selection criteria are applied to sift the base and extract a robust high quality subset that allows one to address a given problem. As was already the case in BC91, we have decided to retain data from both magmatic and sedimentary rocks. In a similar recent study of TPW, Prévot et al. [2000] chose to retain only magmatic rocks, which they believe to carry a more reliable magnetization, namely a thermoremanent magnetization (TRM). The question of the relative reliabilities of sedimentary and volcanic magnetizations is an old one in paleomagnetism. For instance, deepwater sediments can have significant compaction errors [e.g., Celaya and Clement, 1988; Tarduno, 1990] but there are none in our data set. We believe that there can be as many problems with volcanic rocks as with sediments (e.g., remagnetizations versus inclination shallowing, too short versus too long integration time for recording of magnetization) and in any case it is interesting to compare results obtained in either case, as will be done below.
[9] For the sake of comparison, and because we believe the end result to be sufficiently reliable, we have retained a selection procedure similar to BC91. Applying selection criteria automatically, i.e., writing selection filters, is quite straightforward with a properly computerized database. The BC91 criteria were the following: (1) at least 6 sites and 36 samples per study; (2) a 95% confidence interval less than 10°in the Cenozoic and 15°in the Mesozoic; (3) evidence for successful alternating field and/or thermal demagnetization (i.e., Demagnetization Code equal to or larger than 2 in the McElhinny and Lock [1995] terminology); (4) dating uncertainties less than 15 Myr; and (5) absence of remagnetization ensured by the fact that differences between magnetization and stratigraphic ages should be less than 5 Myr and by rejecting poles with a negative fold test or negative reversal test.
[10] These simple criteria are of course to a large degree arbitrary and are based on our experience in trying to eliminate most problematic studies. This is discussed in BC91 and compared to different selection criteria used by other authors. Part of the justification comes a posteriori from a comparative examination of the results.
[11] One of the key aspects of our selection process has been an attempt to identify mobile zones from which data should be excluded from what should in principle be rigid plates. This is important not only for plate reconstructions, but also for field geometry analysis: Carlut and Courtillot [1998] noted, for instance, in a study of the mean geomagnetic field over the last 5 Myr that inclusion of tectonically rotated Ethiopian data produced a very erroneous mean field model. Some tectonic areas, such as mountain ranges (Himalayas, Alpine ranges) or rift zones (Afar in Africa), are of course rather obvious and sites from these regions were eliminated. Others zones, such as the Colorado plateau in North America or the African rift south of the Afar depression are less straightforward. And actually, rocks often outcrop simply because of some amount of tectonic deformation. Our task is then to test whether the extent of deformation requires that the data be rejected or not. A major source of error is linked to local tectonic rotations about vertical axes: crustal deformation at a large scale or at depth may lead to small block rotations and many paleomagnetic studies fail to take into account the plunge of fold axes (the resulting error may exceed 15°). Detailed analysis of individual poles and comparison with synthesized APWPs may allow one to spot remaining outliers with a previously undetected tectonic origin. In some cases, we have used another method: some poles that where suspected to have undergone rotations without significant poleward motion have been integrated using a method derived from McFadden and McElhinny [1988] . We treated these poles using only inclination data, i.e., as small circle constraints, as we also did for data coming from DSDP Legs (see below). These poles (11 studies in western North America, one in South America and one in Europe) are marked in Table 1 .
[12] Another major problem is to determine to what extent large plates, such as Eurasia or Africa, can be considered as rigid. The ocean-based kinematic syntheses of Müller et al. [1993] imply that Africa and South America need to be subdivided into a small number of rigid subplates that have undergone some (slight) amount of differential rotation since the time of breakup. Recent surveys of South Asian data [Cogné et al., 1999; Yang and Besse, 2001 ] have emphasized differences between the Cretaceous segment of the Chinese APWP and the synthesized APWP of BC91 for Eurasia at the same period. Cogné et al. [1999] concluded that ''rigid'' Eurasia may have actually undergone some amount of internal deformation, possibly due to the relative motions of three rigid subplates. Therefore, and contrary to our analysis in BC91 where China was assumed to have been rigidly attached to Eurasia (hence Europe) since the Cretaceous, we have excluded Chinese data from the present compilation. This final data set comprises 221 poles (Tables 1a -1g ).
Oceanic Data 2.2.1. Data From Skewness of Marine Magnetic Anomalies
[13] The skewness of a (usually marine) magnetic anomaly is the phase shift required to restore the shape of the measured anomaly to the one which would have been observed, had the anomaly been created at the geomagnetic pole [Schouten and McCamy, 1972] . The anomaly is then ''undistorted'', i.e., has the same symmetry elements as the magnetic source body. This is particularly useful for accurate determination of the location of the center or edges of individual crustal blocks corresponding to a given chron. The value of skewness depends on the inclination and declination of the original remanence of the block, on the present field direction (inclination and declination) and on the azimuth of the magnetized body (i.e., generally of the ridge where the crustal block was generated). A great circle of possible pole positions is deduced from the skewness value in the hypothesis of a dipolar centered geomagnetic field. The intersections of a set of such semicircles derived from the same anomaly (chron) at distant locations on the same plate in principle allow the determination of a virtual geomagnetic pole [e.g., Schouten and Cande, 1976; Gordon and Cox, 1980] .
[14] The analysis of the skewness of marine magnetic anomalies generated by seafloor spreading is therefore a way of obtaining pole positions for oceanic plates, for which other kinds of data may be lacking. The method has been extensively applied by R. Gordon and colleagues [e.g., Petronotis and Gordon, 1999] to the case of the Pacific plate. Because of problems in connecting that plate to the others through a plate circuit, we have not included it in the set used for construction of synthesized APWPs; we return to this question in the final section of this paper. We note, however, that the theoretical potential of the skewness method for the determination of VGPs from purely oceanic plates is unfortunately hampered by strong limitations due to the parasitic effect of neighboring sources and/or to the tectonic tilt of blocks generated close to the spreading center, leading to strong artifacts: Cande [1976] discusses the problems of ''anomalous skewness'', which are further elaborated on by Petronotis et al. [1992] and Dyment et al. [1994] .
[15] In the case of the Indian Ocean, careful analysis [Dyment et al., 1994] of conjugate marine magnetic anomalies from the Carlsberg ridge and the Wharton Basin, and the Central and South-East Indian ridges, leads to the conclusion that anomalous skewness becomes negligible when the spreading rate is faster than 50 km/Myr. The determination of skewness from anomaly 34 (84 Ma), i.e., the time when India began its northward motion, up to anomaly 21 (47 Ma), when a sudden velocity drop resulted from the India-Asia collision [Patriat and Achache, 1984] is possible because the spreading rate is far above this critical value. Dyment et al. [1994] found that anomalies 21, 24 and 29 were suitable for the determination of reasonably accurate paleolatitudes; they found good agreement between the great circle of possible pole positions for these anomalies and the BC91 APWP.
[16] However, Dyment et al. [1994] did not publish such great circles for anomalies 25 and 26 which are prominent in the Indian Ocean. Torcq [1997] and F. Torcq and J. Besse (manuscript in preparation, 2002) filled this gap, by analyzing profiles from the Somali, Madagascar, Arabia, Crozet, and Central Indian basins. Anomalies 25 and 26 (61.5-57.2 Ma following the Harland et al. [1989] timescale) are easy to recognize and their shapes are well determined. Anticipating results given later in this paper, the intersections of skewness derived circles for the Indian and African plates yield a pole in excellent agreement with data from other continents. There are unfortunately no other sets of usable skewness data from the plates involved in our synthesis.
Oceanic Data From Boreholes
[17] Paleolatitudes can also be inferred from inclination measurements performed on unoriented cores [e.g., Cox and Gordon , 1984] . Despite the huge number of cores which have been drilled in recent decades in the various steps of international drilling projects, only a few reliable data can be used for the determination of paleolatitudes. Peirce [1976 Peirce [ , 1978 provided early compilations of these data, and selected the most reliable studies. One of the main problems encountered in oceanic cores is the absence of orientation: declination is not available, unless one uses the present Earth's field to reorient the core. Inclination alone allows only the determination of small circles of equal paleocolatitude on which the pole must lie. Another problem is the underestimation of inclination due to arithmetic averaging (but see Enkin and Watson [1996] ). In order to overcome this problem, Peirce [1976] used an unpublished method of Cox, which also gives an estimate of the standard error (S M ). We have selected those data corresponding to values of S M less than 5°. A minimum amount of 36 samples in a study was used, as was the case for terrestrial paleomagnetic poles.
[18] In addition, as regards data postdating the Peirce [1976, 1978] compilations, we have used the paleomagnetic studies of oceanic cores drilled during campaigns of the Ocean Drilling (ODP) and Deep Sea Drilling (DSDP) Projects in the Indian (Wharton Basin and Ninety-East Ridge) and South Atlantic (South American plate) Oceans. We used the Leg 73 paleolatitudes published by Tauxe et al. [1983] , and the Leg 115 data of Schneider and Kent [1990a] and Vandamme and Courtillot [1990] . The latter studies give paleolatitudes for both the Indian and African plates. All these results are listed in Table 2b . The distribution of these data, altogether representing 19 determinations from 0 to 120 Ma, is also plotted in Figure 1a .
Combining Data Types
[19] The space and time distributions of selected paleomagnetic data are shown in map (Figures 1a and 1b) and histogram (Figures 1c -1e ) form. A total number of 242 independent data have finally been retained. This final data set comprises 221 ''classical'' poles, two poles determined using marine magnetic anomaly skewness data and 19 ''inclination only'' data from oceanic cores. The total number of data is thus increased by more than 2 with respect to the BC91 database, which comprised only 111 poles. The map (Figure 1b) shows all poles (as dots) and the corresponding sites (as stars) in (South) African coordinates, with sites restored to their relative positions at the appropriate time. We see that geographical coverage is quite reasonable; it is much improved over BC91. The histogram (Figure 1c) shows that a large number of data (more than 30) is available for the 0-30 and 50-80 Ma time windows. By contrast, the 140-150 Ma time window contains only eight studies. The mean number of data in each 10 Myr time window is on the order of 15. As a matter of comparison, the corresponding mean for the recent Prévot et al. [2000] study is on the order of 4, and there are less than 5 data in twelve 10 Myr time windows.
Kinematic Models
[20] Despite the significant improvement in the paleomagnetic database, the number of data is still rather low if one wants to construct the APWP of a single plate based on its Royer et al. [1992] , and are computed at any given age for the same anomaly. We have taken advantage of these compilations, both because of their unifying features, and because one of the aims of this paper is indeed to compute relative motions between the paleomagnetic and hot spot reference frames. Müller et al. [1993] extensively discuss the implications of their plate motion models. Two important features of their reconstructions are the internal deformation of the African and South American plates during breakup phases in the Cretaceous, and a new model of the final breakup of Gondwana, in which India rifted away from Antarctica at the same time it rifted away from Australia (i.e., between chrons M10 and M11).
[22] On the basis of the Royer et al. [1992] and Müller et al. [1993] kinematics, we have recomputed the relative motions at the time of each anomaly between 0 and 130 Ma, by simply subtracting the absolute motion of (South) Africa with respect to hot spots from the motion of other plates (Table 3 ). The finite poles of rotation which are not given by Müller et al. [1993] are those of Müller and Roest [1992] for the motion between Europe and North America, and those of Srivastava and Tapscott [1986] for Greenland and North America. They were combined with the North America versus South Africa motion to obtain total motion with respect to South Africa. The Arabia to Africa rotation poles are those of Le Pichon and Gaulier [1988] . For periods earlier than 130 Ma, the South America to South Africa kinematic parameters are those of Nürnberg and Müller [1991] , the Australia to East-Antarctica to South Africa rotation poles are those of Royer and Sandwell [1989] , using respectively a recomputed fit and a fit after Lawver and Scotese [1987] . Prior to 130 Ma, the Madagascar to South Africa motion uses the parameters from the Global Isochron Chart of Royer et al. [1992] , with a final fit from Lawver and Scotese [1987] .
[23] For each plate, paleomagnetic or skewness poles and small circles based on DSDP/ODP inclination data were transferred onto (South) Africa. For this, we interpolated a Eulerian pole of rotation between the two published finite rotation poles with ages bracketing the estimated age respectively of the pole and drill hole or crustal block corresponding to the individual datum. Errors incurred in such reconstructions are unlikely to exceed 2°(see Molnar and Stock [1987] , discussion by Besse and Courtillot [1988, 1991] , and Acton and Gordon [1994] ). We must be cautious in case the timescales used by different authors are not identical and therefore require some discussion. McElhinny and Lock [1995] used the Harland et al. [1989] timescale, whereas Müller et al. [1993] used that of Kent and Gradstein [1986] . We have compared the differences in the ages of each particular chron or anomaly, and of geological stage boundaries, when the two different timescales are used. Between 120 Ma and the Present, the corresponding mean age differences are generally less than 1 Myr, with a maximum of 1.4 Myr between 55 and 170 Ma. Between 120 and 130 Ma (i.e., from the Valanginian to the early Aptian), the difference reaches 4 to 7.5 Ma, but this is a time window with no sedimentary data. From 135 Ma back to the earliest seafloor spreading anomalies at 160 Ma, the differences are between 0 and 2.8 Myr, averaging 1 Myr in absolute value. Prior to 160 Ma, only geological age assignments of formations from which paleomagnetic data are available are used and not plate kinematic parameters. For our purpose, these differences are smaller than the uncertainties in age determinations in most paleomagnetic studies, and often less than the error due to reassigning an age to an anomaly when the exact time feature used in pointing the anomaly is not accurately known. We have therefore used ages as given by the original authors, regardless of the timescale they used. However, as mentioned above in the discussion of the new paleomagnetic database, we have scaled the ages of all DSDP/ODP sites using the Harland et al. [1989] [1988] in order to combine poles and small circles (this is done by iteratively finding a direction such that the Fisher average of pole directions and the points on the small circle which are closest to this direction are statistically the same).
[25] In order to give some feeling for the quality of individual means, four examples showing the poles and sites on an appropriate plate reconstruction are given for 20, 60, 90, and 200 Myr in Figure 2 . Thirty-nine individual data are available for the 20 Myr reconstruction (Figure 2a) , with good longitudinal and latitudinal coverage. The corresponding pole distribution is Fisherian and the 95% confidence interval is less than 3°. Data come from most major plates. The 60 Myr reconstruction (Figure 2b ) involves 46 data; the distribution is approximately Fisherian with a 95% confidence interval of 3°, although several poles streak E-W, east of (65°N, 270°E). There are no data from South America. The 90 Myr reconstruction (Figure 3a) contains only 13 data with a 95% confidence interval of 2.9°, but geographical coverage is quite good, with all major landmasses except Antarctica providing compatible data. There are still 20 data available for the 200 Myr reconstruction (Figure 3b) , again with most plates (except South America) in their Pangea configuration represented, a good Fisherian pole distribution and a 95% confidence interval of about 4°. Altogether, the A 95 values range from 2 to 7°, with only a slight degradation as one goes back in time (Figure 1d ). The [Royer and Sandwell, 1989] plus East Antarctica to South Africa [Royer et al., 1988] ; (5) Australia to South Africa motion is Australia to East Antarctica [Royer and Sandwell, 1989] plus East Antarctica to South Africa [Royer et al., 1988] ; (6) Royer et al. [1988] ; and (7) Lawyer and Scotese [1987] .
overall mean A 95 is 2.9 ± 0.8°(1s) for the new synthesized APWP, significantly less than the value of 4.1 ± 1.2°found by BC91; the decrease (4.1/2.9 = 1.4) is not much less than the maximum value ( p 2.2 = 1.5) expected from increasing the number of data.
[26] There are enough data that a significant synthetic APWP can be calculated with a time resolution increased by a factor of 2, i.e., one average every 5 Myr with a 10 Myr time window (Table 5) . This results in a mean A 95 of 4.2 ± 1.9°, i.e., similar to BC91 with a twofold increase in time resolution.
[27] We have plotted in Figure 4 the angular test parameter g c -g o [from McFadden and McElhinny, 1990] , determined for pairs of poles consisting of the calculated mean pole from each plate versus the corresponding overall mean (synthesized) pole for the same 20 Myr time window, as a function of age. Pole pairs are not significantly different at the 95% probability level when the test parameter is positive. Four apparently discrepant poles deserve some comment. Two poles appear to be significantly different from the coeval synthesized pole: those for NAM in the 0 -10 Myr window and EUR at 70 Ma (60 -80 Myr window). For the NAM pole, there are only 6 data and the discrepancy could for instance be due to a slightly larger quadrupole term, on the order of 10% of the axial dipole (for the last few million years, ranges of estimates are between 3 and 8% [Schneider and Kent, 1988; McElhinny et al., 1996; Johnson and Constable, 1997; Carlut and Courtillot, 1998] ). The pole from EUR is based on a combination of only three studies, all being to some extent questionable. One study comes from the Aix-en-Provence series (south of France), in which rotations have subsequently been revealed. The two other studies are from the Antrim and Mull lavas of the British Tertiary Igneous Province. Their ages in the database (around 70 Ma) are now known to be too old by some 10 Myr when compared with more recent estimates based on a combination of new radiometric ages and the magnetic polarity timescale [Saunders et al., 1997] . Indeed, a large part of these lavas erupted during reversed chron C26r dated at 59 ± 1 Myr. Such an error in the assigned age may easily account for the observed discrepancy. For two poles, there is a problem of rounding the age at a time of significant change. Such is the case for the 50-60 Ma Australian pole and for the 160 -170 Ma Greenland pole. The effect of the slight differences in ages of observed versus predicted poles illustrates difficulties linked to the sparseness of the database and can lead to misleading tectonic or field-geometry interpretations. For instance the calculated 54.4 ± 5.2 Myr mean pole from AUS data only can be compared either with either the 55 or 59 Myr overall mean (synthesized) pole, in one case with a discrepancy, in the other with none. A similar case is also shown for GRE at 160 -170 Ma. Note again (as in Figure 1d ) that there is no sign of degradation with age.
[28] In Figure 5 , we compare three synthesized APWPs in (south) African coordinates: triangles are for the original BC91 curve, dots for the new BC01 curve, and stars for an APWP computed with the BC91 database but with the updated kinematics used in the present paper (BC91'). The 0-140 Ma and 120 -200 Ma segments are shown separately in Figure 5 to avoid too much overlap and lack of legibility. We first see that improvement in the kinematic models results in insignificant changes from the Present back to 160 Ma. On the other hand, the 170 (actually 175) and 180 (actually 178-179) Ma poles are significantly displaced. This is essentially due to a different Gondwana fit (see section 4, APWP for Africa).
[29] Now, comparing BC91 and BC01, we see that the increased database has resulted in a systematic $2°shift of 
Checking the Geocentric Axial Dipole Hypothesis
[30] The comparison between the 10 Myr and 5 Myr resolution APWPs is best described in the case of the plate with the fastest polar wander rates, i.e., India. This is done in a later section. However, before comparing the new and old versions of the synthetic APWP for other plates, we address the question of dipolarity of the past geomagnetic field. As recalled above, a significant quadrupole, on the order of a few percent of the axial dipole, has been identified in the mean geomagnetic field for the last 5 Myr [e.g., Johnson and Constable, 1997; Carlut and Courtillot, 1998 ]. In Figure 6 , we have plotted all the poles from our database referred to a common site longitude. In each 20 Myr time window, all sites are related to a common longitude (taken to be 0), and all such frames are stacked from 0 to 200 Ma. When a mean pole is computed in each time window, a jagged path results (Figure 7 ). Poles tend to follow an erratic course, yet remaining most of the time in the hemisphere opposite to the one centered on the reference meridian. Of course, the angular distance from the pole is small (on the order of 2°on average) and the uncertainties are such that most 95% confidence intervals include the geographical pole. When a grand 200 Myr average is computed, the mean pole lies at l = 88.6°N, f = 176.5°E (A 95 = 1.2°), i.e., on the far side of the reference meridian, 1.4 ± 1.2°away from the geographical pole. If taken at face value, this would imply a far-sided effect due to a persistent quadrupole on the order of 3% (±2%) of the dipole, i.e., somewhat smaller than the 5 Myr average. This translates to a maximum effect of 3°on inclination at the equator, and translates into a paleolatitude error of 1.5°at most when the axial dipole hypothesis is used. We conclude that there are indications in favor of a persistent quadrupole on the 200 Myr timescale, with an amplitude on the order of half the one obtained for the last 5 Myr. However, these values are not distinguishable from zero in any individual 10 or 20 Myr time frame (except at 52 and 59 Myr), and in any case the effect is small and on the order of contributions from other sources of paleomagnetic uncertainty. With the resolution we are able to achieve, these quadrupolar effects remain negligible and the geocentric axial dipole (GAD) hypothesis is clearly satisfactory on the timescales of interest to our study (10 to 200 Myr).
Description of Individual Plate APWPs 4.3.1. Africa
[31] We have already illustrated the main characteristics of the BC01 synthetic APWP in South African coordinates (using the 20 Myr sliding window) (Figures 1 and 5) . The path can be described in terms of a succession of track segments and standstills, i.e., of episodic polar wander [e.g., Briden, 1967; Gordon and Cox, 1980; Cox and Hart, 1986; Irving and Irving, 1982] . Poles tend to cluster at 10-20 Ma, 90-100 Ma, 180 -190 Ma and a sharp hairpin occurs at 140 Ma. These relative standstills and cusps separate tracks with rather fast and regular polar wander: 20-90 Ma, 100-140 Ma, 140-180 Ma.
Europe and North America
[32] The synthetic APWPs in European and North American coordinates share the same major features, related through the slow opening of the North Atlantic Ocean at the end of the Cretaceous (Figure 8a) . A track from 10 to 50 Ma is preceded by a more complex path between 130-140 and 50 Ma, with a general change in trend. A previously undetected loop occurs between 50 and 110 Ma. It can in a way be taken to represent a standstill, but some of the features in the loop appear to be resolved by individual mean poles. In particular, the 52 and 59 Ma averages are statistically distinct. A problem comes from the fact that much of the loop overlaps in time with the Cretaceous Long Normal Superchron, during which oceanic spreading rates are assumed to be constant for lack of observable chrons. This introduces a decrease in the temporal resolution of the kinematic models which are used to transfer poles.
[33] There are distinct cusps at 140 and 180 -190 Ma, as was the case for the African path. The overall shape of the Eurasian APWP between, say, 50 and 150 Ma confirms the loop which was one of the new, previously ill-recognized features uncovered in BC91. The loop appears a bit smaller and may have a more complex structure than previously recognized. The timing of the so-called Cretaceous standstill [Westphal et al., 1986; Besse and Courtillot, 1991] appears to be somewhat later: 60-110 Ma rather than 70-130 Ma. This loop was a significant feature used to analyze paleomagnetic data from mobile zones and large continental blocks in Asia [e.g., Besse and Courtillot, 1988, 1991; Enkin et al., 1992] . Consequences in the changes in shape of the Eurasian APWP for such analyses are not explored further in this paper.
[34] Because most data on which the Jurassic segment of the NAM APWP could be based carried some amount of uncertainty (tectonic rotations for data from the SW United States, remagnetization on intrusions from the NE United States), Courtillot et al. [1994] proposed to transfer their available data from other continents to generate synthetic NAM APWPs. They discussed the effects of data selection and kinematic reconstructions. They concluded that the high latitude APWP of Irving and Irving [1982] was to a large extent vindicated, though with much reduced uncertainties at the 95% confidence level. On the other hand, the lower latitude paleomagnetic Euler pole-based path of May and Butler [1986] , though on the edge of the confidence intervals, was not supported by the synthesized path. It is interesting to compare the path for North America from the present study with the earlier attempts by Courtillot et al. [1994] . Basically, the new path ( Figure 8b Voo [1990] emphasized that a pole transfer using the Bullard et al. [1965] fit led to North American and European APWP segments in better agreement during the Paleozoic and part of the Mesozoic. The problem is to understand when and how the change in configuration between the reconstruction based on the oldest seafloor data [see Royer et al., 1992] on the one hand, and on the Bullard et al. [1965] fit on the other, was achieved. Our European database allows one to compute separate 185 and 190 Ma mean poles with three and five studies, respectively. The comparison between these two poles and a version of our master APWP from which European data have been removed is inconclusive at the 95% level, leaving this question still open, as already concluded by Van der Voo [1993] .
South America
[35] As is well known, the SAM APWP is remarkable in that it displays very little polar wander (Figure 9a ). Most poles have latitudes higher than 80°: South America has basically remained in the same position with respect to the geographical poles (i.e., spin axis) in the last 200 Myr. However, the path is ordered and shows small but resolvable features, such as a track from 200 to 180 Ma, a change in direction near 180 Ma, a track from 180 to 130-140 Ma and little motion since (with a real standstill between 50 Ma and the Present). 4.3.4. Australia, India, and Antarctica
[36] It is particularly informative to draw the three APWPs on Figure 9b . In BC91, the Indian APWP was shown only back to 120 Ma, and only two paleomagnetic poles for that plate (Deccan and Rajmahal Traps) were available; Australia and Antarctica had not been included in our previous analysis. If negative (gray shaded zone), pole pairs are considered distinct at the 95% probability level. Two poles (AUS near 55 Ma and GRE near 165 Ma) fall in between rounded ages and can be assigned to either one of two synthetic poles (at 50 and 60 Ma and 160 and 170 Ma, respectively); hence two test points linked by a straight line segment are shown.
[37] The Indian path is the most elongated one, corresponding to the fastest average apparent polar wander velocity. Three phases (tracks) are clearly recognized from 180 to 130, 130 to 80-70 and 80-70 Ma to the Present. These are separated by a standstill (i.e., poles are in the joint intersection of their 95% confidence intervals) at 200-170 Ma, another one at 140 -110 Ma and a directional change at 80-70 Ma. The classical rotation and northward motion of India are clearly outlined; the fast velocity (150 km/Myr) peaking between 70 and 50 Ma, and the slowdown after the IndiaAsia collision at 50 Ma are also seen. The 66 Ma Deccan Traps pole [Vandamme et al., 1991] , which is based on a very large number of data already used in our Indian selection of poles (and for that reason, not used in constructing the synthetic path) and very accurately dated falls only 1°away from the 67 Ma synthetic pole (Table 4) , attesting to the validity of the data selection process, to the quality of the selected paleomagnetic data and plate kinematic parameters.
[38] Because of its fast polar wander rate, the synthetic APWP in Indian plate coordinates is the one for which the influence of improving time resolution from 20 Myr to 10 Myr moving averages is best displayed. This is shown in Figure 10 , where only the 95% confidence circles for the 10 Myr APWP have been included for clarity. The mean poles are labeled with the mean age of the data they are actually based on (Tables 4 and 5 ). The excellent agree-' Figure 5 . Comparison of three synthesized APWPs in South African coordinates with their associated 95% ellipses of confidence: triangles are for BC91 , dots for BC01 (this paper), and stars for BC91' (BC91 data transferred using the kinematics used in the present paper). (a) From Present to 140 Ma and (b) from 120 to 200 Ma. The ellipses of confidence for the BC91' path are not figured for more clarity. In Figure 5b , the age numbers in italic refers to the BC91'path. Ages are in Ma. Equal-area projection. EPM 6 -20 ment between the two curves is obvious. Of course, some features are more readily apparent in the higher resolution curve, such as the slowdown at 55 Ma, compatible with an early collision age for India versus Asia [e.g., Patriat and Achache, 1984; Jaeger et al., 1989] , or the sharper reorientation in the track at 75-80 Ma. The 10 Myr resolution pole at 100 Ma (nominal age 100.2 ± 4.1 Ma, with 6 data) and the corresponding 20 Ma resolution pole (nominal age 97.6 ± 5.8 Ma, with 12 data) are both well within the intersection of their respective 95% confidence circles (10.9 and 7.3°). The small loop in the 10 Myr APWP based on four mean poles between 130 and 142 Ma is not resolved given A 95 between 6 and 12°; all are within less than 5°from the 20 Ma resolution pole at 140 Ma (nominal age 136.8 ± 5.4 Ma) which has an A 95 of 6.4°. At the older end of the curves, the 10 Myr resolution poles at 194 and 199 Ma and the 20 Myr resolution pole at 196 Ma are fully compatible.
[39] In conclusion, the 20 Myr resolution curve captures all the essential features which can be found in the 10 Myr curve, and it is not expected that limiting our discussion to the former would run the risk of having missed any significant feature. The high-resolution curve also confirms the validity of the rough classification of APW periods into tracks and standstills.
[40] The Australian APWP (Figure 9b ) displays almost the same track times and orientations, standstills and track changes as that for India until 70 Ma. Motion since 70 Ma is similar to that indicated by India (i.e., mostly northward motion follows after counterclockwise rotation) except it is three times slower between 80 and 50 Ma, and then accelerates a bit from 40 Ma onwards, in relation with the southward jump of the eastern branch of the South Indian Ocean ridge. After that time, Australia and India belong to the same plate.
[41] The Antarctic APWP (Figure 9b ) again displays similar features prior to 70 Ma, with two standstills and two tracks, but since then, apparent polar wander is almost negligible, much like South America. The shapes of the three APWPs shown in Figure 9b are easily related one to the other as a function of the opening of ocean basins between plate pairs. The relative orientations of the relative velocity vectors and the respective rates of polar wander and plate motions combine in such a way that the respective influences of and relationships between the various parameters are readily apparent.
All Paths
[42] The succession of tracks, standstills, loops, and directional changes for all APWPs shows similarities and differences between the various continents. All paths begin with slow motion or standstill between 200 and 170-180 Ma and then turn into tracks which last until 140 Ma. A major re-organization occurs at 140 Ma, with AFR, EUR, NAM and SAM changing track direction, and IND, AUS, ANT entering a standstill. IND, AUS, ANT and SAM undergo a change at 110 Ma, but the other three plates do not. AFR, EUR, and NAM have a track ending near 100 Ma, and enter a standstill or loop. A 80 Myr change is common to IND, AUS and ANT; one at 40-50 Ma to AFR, EUR and NAM. Altogether, the 180-140 Ma track is the main feature which stands out to be common to all plates.
[43] A common succession of a fast (220 -200 Ma, not documented in this paper) phase followed by a general 
True Polar Wander
[44] As was previously done by Livermore et al. [1984] , Andrews [1985] , ourselves (BC91), and recently Prévot et al.
[2000], we have attempted to combine apparent polar wander based on paleomagnetic data (paleomagnetic reference frame) with motions of hot spots with respect to lithospheric plates (hot spot reference frame) in order to derive true polar wander (TPW). Given the relative motions between the plates, the position of these plates with respect to the rotation axis (provided by paleomagnetic results under the GAD assumption) and the relative motions between the plates and a reference frame attached to the mantle (if such a frame can be found), TPW is defined as the motion of the mantle with respect to the rotation axis. The latter is defined by hot spots, which are assumed to form an array of fixed points that provides the mantle reference frame.
[45] A number of the assumptions made to determine TPW may of course be found erroneous, such as the assumption of hot spot fixity. This is a long debated subject [e.g., Molnar and Atwater, 1973; Molnar and Stock, 1987; Tarduno and Gee, 1995; Steinberger and O'Connell, 1998; Di Venere and Kent, 1999; Koppers et al., 2001] . In their analysis, Müller et al. [1993] find that motions between individual hot spots in the Atlantic and Indian Oceans are less than a few km/Myr, i.e., close to an order of magnitude less than typical plate motion. These Indo-Atlantic hot spots therefore do form a relatively coherent frame for that vast part of the Earth's lithosphere (and underlying mantle) ranging from North America to India.
[46] The major improvement of the present analysis over that in BC91, where Morgan's [1983] hot spot tracks on the African plate were used, is the use of the revised model of Müller et al. [1993] , at least for the last 130 Myr. This model combines a number of advantages such as inclusion of hot spot tracks from AFR, NAM, SAM, IND, and AUS and the same updated plate motions by Royer et al. [1992] that we used in transferring the paleomagnetic data from one plate to the next in order to build the synthetic APWPs. Therefore, the kinematics and chronologies are compatible, potentially reducing significantly sources of errors that could have affected the BC91 analysis. Unfortunately, only two hot spot tracks are available (Tristan da Cunha and Meteor/New England) between 90 and 130 Ma, implying potentially larger uncertainties for that period. Table 4 ). [47] The resulting TPW curve is shown in Figure 11 , with 95% confidence circles, for the best (10 Myr) time resolution available (Figure 11a ) and for the 20 Myr time resolution (Figure 11b ) (also see Table 6 ). Points are shown every 5 Myr (10 Myr) and every other point is statistically independent. Besse and Courtillot [1991] compared BC91 TPW to two previous determinations by Livermore et al. [1984] and Andrews [1985] , and we refer the reader to their Figure 3 . In Figure 12 , we compare BC91 (20 Myr resolution), the new BC01 curve of Figure 11a , and that obtained by Prévot et al. [2000] .
[48] The first 11 points of BC01 in Figure 11a , corresponding to the period 0 -55 Ma are all in the same quadrant, between 4 and 9°away from the present rotation pole, with 95% uncertainties ranging from 2 to 7°. They are not statistically distinct from each other and therefore could correspond to a standstill. A mean position can be calculated from all (102) data points in that time window: it is (Table 4) ; dots correspond to mean poles computed every 5 Myr using a 10 Myr sliding window, and their associated 95% confidence ellipses are shown (Table 5 ). The dashed ellipse is the confidence interval of the ill defined 104.6 Ma pole. Ages are in Ma. Equal-area projection.
found to lie at 85.1°N, 153.3°E (A 95 = 1.5°), significantly displaced from the pole. The youngest pole at 5 Ma (mean age 3.0 ± 2.4 Ma) is at 86.4°N, 166.8°E (A 95 = 2.5°), also significantly displaced from the pole but identical to the 55 Ma overall mean. It seems that TPW may have been negligible for an extended period of about 50 Myr, but accelerated a few Myr ago, with a velocity on the order of 100 km/Myr. Actually, the TPW path zigzags around the pole with no clear track as early as 75 Ma. There is another clustering of data points from 79 to 104 Ma, then the pole jumps to a different location, which is well constrained by the 116 Ma pole. The 95% confidence intervals of the 100 and 110 Ma poles are too large to outline with certainty the details of the track which is followed. The track extends to 142 Ma, when it turns back on itself. The path back to 200 Ma is again rather jagged although there is a tendency to drift away from the current pole. When 20 Myr time windows are used (Figure 11b) , the path becomes somewhat smoother and a succession of a standstill at 160-130 Ma, a circular track from 130 to 70 Ma, and a standstill at 50-10 Ma follow each other. The true polar wander rate between 130 and 70 Ma averages 30 km/Myr. The BC91 TPW curve was somewhat smoother, with a large track between 50 and 120 Ma, in part because it was based on 20 Myr averages. However, differences between the two are of second order, given the uncertainties. TPW amplitude was smaller in BC91, with the same general features (tracks and sandstill) from Present back to 110 Ma, with maximum differences of order 3 -4°in position between 70 and 90 Ma. On the other hand BC91 had a 120-150 Ma loop (or cluster) up to 8°a way from the new BC01 path.
[49] It is interesting to compare the new BC01 TPW curve with that recently derived by Prévot et al. [2000] . The main difference between the two studies lies in the fact that Figure 11 . True polar wander paths (TPWP) deduced from the hot spot model of Müller et al. [1993] going from the Present back to 130 Ma, and that of Morgan [1983] Prévot et al. use only paleomagnetic data from magmatic rocks and restrict themselves to basalts and andesites, or intrusive rocks with a similar composition. Their selection criteria were at least 10 sites (versus our 6) with at least 5 samples per site (versus our 6), the rest being similar to ours. Also they rejected data with potentially insufficient averaging of secular variation (K > 100). Their final database contains 118 poles, i.e., less than half of ours. The TPW they obtain is in general similar to ours (Figure 12 ). However, their 95% uncertainties (not drawn in their figure) are very large because of the small number of data points in most time windows. Like us, they find a succession of episodes, with a long and faster track separating two standstill periods. The most intriguing result they obtain is a phase of very fast wander culminating around 115 Ma, when 20°of polar wander take place at velocities in excess of 500 km/Myr, i.e., more than ten times faster than the mean rate we obtain on the track from 130 to 60 Ma. This result is based on two sets of individual poles dated around 100 and 120 Ma, and more specifically to the recordings around 115 Ma provided by South African kimberlites (114 to 118 Ma). It so happens that our database provides a sequence of rather well determined poles, particularly at 90 Ma (A 95 = 4.9°; N = 13 poles) and 119 Ma (A 95 = 2.7°; N = 20 poles). The angular difference is 10.0 ± 5.5°and the corresponding polar wander rate in this 28 Myr period is on the order of 40 km/Myr. We can attempt the same comparison between the 119 Ma pole and a 114 Ma pole (A 95 = 4.2°): the angular difference is 3.2 ± 6.5°and is not resolvable. We therefore find no support for the episode Figure 12 . Comparison between three TPW Paths (95% confidence intervals not shown for clarity): dots, BC01 (this paper); diamonds and dashed line, Prévot et al. [2000] ; and triangles, BC91 . Crosses are at 10°intervals (see also Figure 11 and Table 6b ).
of super fast TPW suggested by Prévot et al. [2000] . As stated by Hargraves [1989 Hargraves [ , pp. 1851 Hargraves [ , 1852 in his analysis of the dating of the 114 and 118 Ma kimberlites in South Africa, ''it should be pointed out that accurate radiometric dating of these bodies is difficult'' and ''inconsistencies between the sequence of apparent pole positions and the available radiometric ages may in part be due to uncertainties in the age.'' The 114 Ma pole belongs to a 118-142 Ma petrochemical group, and the 114 Ma pole belongs to a distinct 83-114 Ma group. According to Hargraves [1989] ''There is no clear pattern of migration with age'' and ''if it is argued that identical poles mean identical emplacement and magnetization age, then. . .the detailed validity of some of the radiometric ages must be suspect.'' The remarkable hypothesis of Prévot et al. is therefore hardly supported by such uncertain data. Actually, Prévot et al. [2000] average their data in four subsets in order to reduce uncertainties. At that level, our two determinations are in good agreement, but evidence for any fine scale behavior or superfast episodes is lost.
Discussion
[50] The 10 and 20 Myr resolution TPW curves of Figure  11 provide our current best estimates of true polar wander over the last 200 Myr. We confirm earlier findings [e.g., Andrews, 1985; Besse and Courtillot, 1991] that true polar wander appears to be episodic in nature, with periods of (quasi) standstill alternating with periods of faster TPW. The typical duration of these standstill periods in on the order of a few tens of millions of years (50 Myr). Typical polar wander rates during fast tracks are on the order of 30 km/Myr. Also, because of all the uncertainties in models of hot spot kinematics prior to 130 Ma (and even possibly prior to 90 Ma), we feel it is not safe to place too much weight on behavior prior to that time. The major event since then is therefore the end of the 130 to 60 Ma period of relatively fast polar wander, with a standstill (i.e., no or little TPW) from 50 Ma (actually because of larger 95% confidence circles, possibly 80-50 Ma) to 10 Ma. However, uncertain, evidence for the fact that Earth emerged from that standstill to enter a new period of fast polar wander in a different direction 10 Myr ago (3 Ma at the higher resolution; see previous section) is particularly interesting. That period would then still be going on. Actually, the inferred rate and azimuth of this recent phase of accelerated TPW are compatible with the historical values based on direct measurements: between 1900 and 1990, the axis of rotation has been moving at a rate of 135 km/Myr toward eastern Canada (281°E; arrow on Figure 13 from Hulot et al. [1996] ).
[51] A legitimate concern regarding the above conclusions is due to the fact that the analysis is not truly global, in that it fails to encompass the Pacific plate. Petronotis and Gordon [1999] have compiled an APW path (nine poles from 125 to 26 Ma) for the Pacific plate, with four poles based on the analysis of skewness of ocean crust magnetic anomalies, three on seamount magnetic anomaly modeling [Sager and Pringle, 1988] and two unspecified. Using the Pacific plate versus hot spot kinematic model of Engebretson et al. [1985] , we have determined a corresponding 125 to 26 Ma ''Pacific hot spot only'' TPW curve (Figure 13) . In that sense, the TPW estimate derived in this paper could be termed an ''Indo-Atlantic'' TPW. The ''Pacific'' and ''IndoAtlantic'' TPW curves are compared in Figure 13 . This comparison is interesting because the data sets they are based on are entirely different and independent. Despite some significant differences to which we return shortly, it is worth emphasizing that the two curves are similar in shape (tracks, amplitudes, azimuths), particularly the 300°longi-tude trending track from 130 to 70 Ma, though the two are offset (in the same general direction) by about 7°. More precisely, the confidence intervals intersect (though points are not in the intersection) near 125, 90, 60, 40 and 30 Ma. The main differences occur near 80 and 70 Ma: the 82 and 65-72 poles derived from Petronotis and Gordon [1999] , and our poles at 77 and 67 Ma (which have moderate uncertainties), are clearly distinct.
[52] We emphasize that there are ongoing debates on the validity of the data used by Petronotis and Gordon [1999] to construct their Pacific APWP, and also on the question of fixity of Pacific hot spots with respect to each other and to the Indo-Atlantic hot spots. For instance, Tarduno and Cottrell [1997] have determined the paleolatitude (based on inclination-only data from cores) of the 81 Ma old Detroit Seamount, which is part of the Emperor chain, not far from its northern termination in the Kuril Trench. The paleolatitude (36.2 + 6.9/À7.2°) is distinct from that based on the 81 Ma pole of the Pacific APWP [Sager and Pringle, 1988; Gordon, 1983] which is on the order of 20°N. Tarduno and Cottrell [1997] exclude the possibilities of inadequate sampling of secular variation, bias due to unre- Petronotis and Gordon [1999] and the plate/hot spot kinematic model of Engebretson et al. [1985] . The arrow shows the mean polar motion between 1900 [after Hulot et al., 1996 . moved overprints or off-vertical drilling. They point out the uncertainties encountered when building an APWP for an oceanic plate, such as the Pacific, solely from inversions of magnetic surveys over seamounts and/or analysis of skewness of marine magnetic profiles. Petronotis and Gordon [1999] evaluated the quality of their own skewness data, which they rank from A (best) to D (worst). The uncertainty in the 73Ma mean pole based on A quality data is 3 to 4 times larger than that of the mean based on all data (which they prefer). Yet the A quality mean pole is compatible, due to its large uncertainty, with the coeval 72 Ma pole of Sager and Pringle [1988] . It is therefore not clear that the conclusion of Petronotis and Gordon [1999] (namely, that the two are significantly different, when all data from A to D quality are used) can be accepted.
[53] Following several authors [e.g., Parker et al., 1987; Parker, 1991] , Di Venere and Kent [1999] argue that the reliability of the Pacific paleopoles based on either modeling of seamount magnetic anomalies or determination of skewness of marine magnetic anomalies should be considered suspect. They recall that both are prone to numerous biases and could yield errors in excess of 10°in the position of the mean poles derived from them.
[54] Let us now review briefly the question of hot spot fixity. Norton [1995] has suggested that the famous 43 Ma Hawaiian bend was actually a ''nonevent,'' i.e., indicated a change in motion of the Hawaiian hot spot with respect to the mantle rather than a change in Pacific plate motion. Koppers et al. [2001] have tested the fixed hot spot hypothesis for Pacific seamount trails. They use seamount locations to first determine stage Euler poles, which they then test against observed 40 shows particularly large discrepancies, requiring motions of at least 30 km/Myr. However, we may note that the notion of stage poles does require minimum knowledge on the ages of the seamount trails being fitted, and therefore the determination of a geometrical stage pole is not strictly independent from age information. Koppers et al. also publish, but do not discuss, stage poles going back to 140 Ma. Altogether, four out of these six stage poles correspond to durations of only 10 to 20 Myr and the notion of a stage, with regard to dating uncertainties, becomes fuzzy. The authors emphasize that uncertainties in age progression may not entirely reflect true geological uncertainties, such as prolonged volcanic activity, rejuvenation by younger hot spots and uncertainties in location of hot spot (e.g., volcano hysteresis or hopping, control by lithospheric faults and structures). On the basis of careful analysis of 14 Pacific seamount tracks, using updated age determinations and bathymetry, Clouard and Bonneville [2001] show that these Pacific seamounts are created by different processes, most being short-lived and certainly not related to deep-mantle phenomena. Only the Hawaii and Louisville chains qualify as long-lived hot spots that can be robustly tested for fixity. We conclude that inter-hot spot motions of order 10 km/Myr (but not necessarily much more) of (the major) Pacific hot spots are a distinct possibility.
[55] Di Venere and Kent [1999] have addressed the problem of relative motion between the Pacific and IndoAtlantic groups of hot spots. Though they demonstrate that some motion must have taken place between West and East Antarctica, based on geological observation and paleomagnetic data, they conclude that this motion cannot account for more than 20%, and possibly as little as 4% of the 14.5°o ffset between the observed and predicted positions of the 65 Ma Suiko seamount on the Emperor continuation of the Hawaiian hot spot track. They also discuss the integrity of the Pacific plate and the role of missing plate boundaries and errors in kinematic plate circuits, and find that they play a small role. DiVenere and Kent conclude that most of the apparent motion between the two main groups of hot spots is real, with an average drift of about 20 km/Myr since 65 Ma.
[56] Despite criticism on the quality of skewness data and seamount poles, which have strong bases, and increasing evidence that there can have been $10 km/Myr motion between major individual hot spots or hot spot groups, we find the first-order agreement between the Petronotis and Gordon [1999] Pacific and our Indo-Atlantic TPW curves shown in Figure 13 quite remarkable. We therefore propose that our BC01 curve can be considered as a good first-order estimate of global TPW and that the frame of reference based on the surface traces of the major hot spots deforms only slowly, slower than plates and plate boundaries move with respect to each other. In that sense, these hot spots can be used as a frame of reference for the underlying mantle, regardless of their dynamics and depth of origin. Hence TPW appears to be a truly global phenomenon, with tracks, cusps, standstills, and more generally amplitudes and azimuths which are now reasonably well determined. Cottrell and Tarduno's [2000] proposal that TPW has not exceeded 5°for the last 130 Myr is not vindicated.
[57] We now turn to evidence for episodes of fast to superfast TPW, which have been proposed by a number of authors. With due caution and suggestions of alternate explanations, Petronotis and Gordon [1999] Ar dated seamounts (and only seamounts, with no skewness data) and concluded that a rapid TPW episode (300 to 1100 km/Myr) occurred in 2 to 5 Myr at about 84 Ma. The back and forth motion on Sager and Koppers' Pacific APWP between 73 and 117 Ma, and even more so on their TPW curve, are uncomfortable features that could well be linked to problems in data significance and statistical robustness. The 84 Ma motion, between the remote yet quasi-coeval poles 84W and 84E, in entirely canceled by previous motion from 93 to 84(W) Ma, and subsequent motion from 84(E) to 73 Ma (i.e., the 73 and 93 Ma points are not far from each other). Taken at face value, Sager and Koppers 84W and 84E poles would lead to TPW velocities in excess of 500 km/Myr, whereas the 93 and 73 Ma poles lead to values on the order of 50 km/Myr. Very recently, Cottrell and Tarduno [2000] have re-analyzed the data on which Sager and Koppers base their 84 Ma episode of rapid TPW. In addition to pointing out modeling or magnetization uncertainties in the seamount data, they test the TPW episode against the reference paleomagnetic record from the Umbrian Appenines (Italy) and conclude that the episode must be an artifact of spurious seamount data.
[58] We noted above the suggestion by Prévot et al. [2000] of the existence of an episode of superfast polar wander (500 km/Myr) at 114-118 Ma but concluded it was likely an artifact. Note that Sager and Koppers [2000] find no evidence for the Prévot et al. [2000] event, and vice versa. Tarduno and Smirnov [2001] argue, in a comment on the Prévot et al. [2000] analysis, that reliable, selected paleomagnetic data from mid-Cretaceous (90 -125 Ma) granites from North America disagree with either paleolatitude predictions based on the hot spot reference frame or with the superfast (stepwise) TPW event of Prévot et al. [2000] . As correctly identified by Camps et al. [2001] in their reply, Tarduno and Smirnov [2001] failed to indicate that the three predicted ''paleolatitudes'' for North America are not independent. In Figure 14 , we have plotted the ''latitudes'' predicted over the last 130 Myr (i.e., the time with better ocean kinematics and hot spot data) for test points respectively in North America, South Africa and India. Three latitudes are shown: ''APW'' is simply the paleomagnetic latitude predicted by our synthetic APWP, i.e., by the world paleomagnetic data set, when plate kinematics are integrated. We have seen that this was compatible with the very data originating from each respective plate or continent. Under the assumption of a GAD field, this is simply the geographical latitude. ''HS'' is the ''latitude'' predicted in a reference frame where the (Indo-Atlantic) hot spots would have remained fixed with respect to the rotation axis (i.e., no TPW). ''TPW'' is the latitude predicted by the TPW curve, i.e., motion of the point, as if it were attached to the hot spot reference frame, with respect to the rotation axis. The three latitudes (of which only the first, APW, corresponds to the true geographical latitude) are respectively linked to three rotations: APW is linked to 1 , the rotation of the plate with respect to the Earth's rotation axis, HS is linked to 2 , the rotation of the plate with respect to the hot spot reference frame, and TPW is linked to 3 , the rotation of the hot spot reference frame with respect to the Earth's rotation axis. The three motions are linked through the simple equation (1): 1 = 2 * 3 . Therefore, any of the three latitudes can be derived from the two others, and they are by construction mutually consistent. In practice, we use APW and HS to deduce TPW. Figure 14a confirms that the three latitude estimates happen to be similar, and rather . In each case, three "latitudes" are given from Present back to 130 Ma: APW is the paleolatitude predicted from the synthetic APWP derived for that plate in the present paper; HS is the paleolatitude in the (Indo-Atlantic) hot spot reference frame, i.e., assuming no motion of the hot spots with respect to the rotation axis [Müller et al., 1993] ; TPW is the ''paleolatitude,'' had the site remained fixed with respect to the hot spot frame of reference, while that frame moved with respect to the rotation axis, following our global TPW curve. The three estimates are linked since the first rotation (APW) is equal to the combination of the two others (HS and TPW; see text). 20 Myr averaging windows are used, and points are shown at their actual mean ages, with 2s uncertainties derived from the 95% confidence intervals. constant back to 80 Ma in North America. From 90 back to 130 Ma, the three estimates diverge. The observed paleolatitude (APW) remains constant, as has been long noted from NAM paleomagnetic data (and as is again emphasized by Tarduno and Smirnov [2001] ). However, the HS and TPW estimates smoothly diverge in an opposite sense by roughly equal amounts. It so happens that they compensate each other in equation (1). Therefore, contrary to what is stated by Tarduno and Smirnov [2001] , but in agreement with Camps et al. [2001] , there is no disagreement between the three curves. We also find no evidence, as stated above, for the sudden jerk in TPW near 115 Ma, which would need to be compensated by an opposite, fortuitously coeval jerk in hot spot latitude. We note in passing that this agreement of the synthetic path with paleomagnetic data derived from granites somewhat alleviates worries on the quality of these data, as argued by Tarduno and Smirnov [2001] .
[59] Figures 14b and 14c display similar results for points on the African and Indian plates, in order to show that the respective behaviors of the three latitude estimates of course depend on the distance and azimuth under which the APW and TPW paths are seen. In the Indian case for instance, TPW results in very little change in latitude, at least back to 100 Ma, and the APW and HS latitudes are virtually identical. This was shown from paleomagnetic data of the Reunion hot spot trace on the Indian and African plates during ODP leg 115 [Schneider and Kent, 1990a; Vandamme and Courtillot, 1990] . For the 100 -130 Ma period, the HS latitude of India becomes more northerly than the APW latitude, whereas the reverse holds for South Africa. Such curves can be calculated for any point on any plate used in our database. They allow quick comparison of actual paleomagnetic data, predictions from the master synthetic APW, and values predicted from the hot spot or TPW curves (reference frames). Figure 14 serves to illustrate that the characteristics of these three curves depend very much on the location to which they apply.
[60] In conclusion, none of the several suggested superfast events is based on sufficiently robust sets of observations. It remains reasonable to assume that many of these features correspond to erroneous individual data or other sources of error. Only the recent phase of TPW since 10 Ma prompts us to accept that TPW velocities on the order of 100 km/Myr can be maintained over periods of millions of years, although we have no specific geodynamic explanation for this event (which some authors associate with deglaciation and rebound).
[61] Whether even faster velocities over shorter timescales actually occurred cannot as yet be considered as a strong constraint that should be modeled in numerical experiments. Studies of TPW and mantle dynamics have entered a new phase with the advent of flow models, where seismic tomography is used to infer 3-D maps of density heterogeneities that drive flow in the viscous mantle. For instance, Steinberger and O'Connell [1997] calculate the degree 2 nonhydrostatic component of the geoid and derive inertia perturbations on Earth over the last 60 Myr. Their results are in reasonable agreement with our earlier BC91 TPW estimates, though slightly larger. However, their model has smooth and regular TPW changes, rather than the episodic structure interrupted by standstills which we find. Richards et al. [1999] calculate polar motion for different Earth models. Interestingly, isoviscous mantle models predict TPW rates much larger than observed, and a significant viscosity increase in the lower mantle is required to stabilize the large scale pattern of convection and bring TPW rates closer to observed values. Richards et al. [1999] find occasional inertial interchanges of polar axes with a duration of 20 Myr, due to avalanching in the lower mantle (though only one such event occurs in a 600 Myr numerical run).
[62] None of these early models actually feature lithospheric plates. The more recent study of M. Greff-Lefftz and P. Bunge (personal communication, 2000) and GreffLefftz [2001] explores the respective and cumulative effects of lower mantle viscosity, upper to lower mantle phase transitions and heat flux from the core on TPW estimates, combining 3-D spherical mantle circulation models with solutions to the equations of conservation of angular momentum. M. Greff-Lefftz and P. Bunge (personal communication, 2000) and Greff-Lefftz [2001] confirm that isoviscous mantle convection models predict TPW rates going from 100 km/Myr (the maximum acceptable value according to our study, applying to the current period) to 1000 km/Myr and more (i.e., unacceptable values for us, as long as the elusive superfast episodes are not confirmed). Greff-Lefftz and Bunge find that phase transitions have little effect, and that combination of very high lower mantle viscosity (100 times that of the upper mantle, identical to the average they use for the lithosphere) with 12% bottom heating from the core [Davies, 1988] results in calculated TPW closest to that which we observe. ''Because the rotation axis can only change as fast at the Earth's rotational bulge relaxes by means of viscous flow,'' inertial interchange almost never happens. However, M. Greff-Lefftz and P. Bunge (personal communication, 2000) and GreffLefftz [2001] insist that their models strongly underestimate the true vigor of mantle convection, hence strongly underestimate TPW rates.
[63] Therefore, all current modeling still fails to some (sometimes large) extent to account for the slow values of typical TPW velocity (30 -100 km/Myr), and even more so to account for the prolonged ($50 Ma) periods with almost no TPW (standstills). Also they predict rather smooth evolutions, rather than the alternating episodes which we feel we uncover from the data. The remarkable similarity between TPW estimates for the Pacific plate and the rest of the world, which are based on completely different and independent data sets, lends support to the idea that significant TPW, on the order of 10°or more, occurred since before the Cretaceous. The importance of the Pacific plate and severe limitations on presently available data from that plate point to the need for many more direct (paleomagnetic core) measurements as opposed to indirect/remote sensing determinations of magnetization direction (i.e., ''skewness'' or ''seamount'' data). The possible links between episodes, or major changes between TPW episodes, and either plate motion and plate boundary reorganizations or avalanches, plumes and other major geodynamical events occurring in the lower mantle should remain the topic of fascinating, ongoing studies.
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